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We propose that the topological semimetal features can co-exist with ferromagnetic ground state
in vanadium-phosphorous-oxide β-V2OPO4 compound from first-principles calculations. In this
magnetic system with inversion symmetry, the direction of magnetization is able to manipulate
the symmetric protected band structures from a node-line type to a Weyl one in the presence of
spin-orbital-coupling. The node-line semimetal phase is protected by the mirror symmetry with
the reflection-invariant plane perpendicular to magnetic order. Within mirror symmetry breaking
due to the magnetization along other directions, the gapless node-line loop will degenerate to only
one pair of Weyl points protected by the rotational symmetry along the magnetic axis, which are
largely separated in momentum space. Such Weyl semimetal phase provides a nice candidate with
the minimum number of Weyl points in a condensed matter system. The results of surface band
calculations confirm the non-trivial topology of this proposed compound. This findings provide
a realistic candidate for the investigation of topological semimetals with time-reversal symmetry
breaking, particularly towards the realization of quantum anomalous Hall effect in Weyl semimetals.
Quantum-Hall-effect (QHE) offered us a different path-
way to achieve dissipationless current beyond super-
conductors [1]. However, the potential applications of
QHE are strongly limited by the required external high-
intensity magnetic fields [2, 3]. An alternative option
is the Quantum-spin-Hall (QSH) insulators that works
independently with respect to external magnetic fields
but, unfortunately, will be suppressed when the sample
size become larger than a critical value due to the ex-
istence of non-elastic scattering between states with op-
posite directions in helical edge states [4–6]. The most
promising solution of these challenges is the proposed
quantum-anomalous-Hall (QAH) materials with intrin-
sic long-rang magnetic order that are able to be free for
any sample-size or external field [7–9].
To achieve this, magnetic topological materials, includ-
ing topological insulators (TIs) [7–11] and topological
semimetals (TSMs)[12] in their quantum-well structure
with time-reversal (TR) symmetry breaking, have at-
tracted intensive attention recently. Distinguished from
gaped magnetic TIs, magnetic TSMs, i.e. spin polar-
ized Weyl and node-line semimetals, host finite numbers
(Weyl) or continues distributed (node-line) band cross-
ing points near the Fermi level in momentum space.
Such crystal symmetry protected features lead exotic
conductive surface states, which are Fermi arcs in Wely
semimetals (WSMs) [13] and drumhead states in node-
line semimetals (NLSs) [14]. Accomplishing these robust
spin dependent surface states is the key step of achieving
several unusual spectroscopic and transport phenomena
especially the QAH in their quantum-well structure ex-
perimentally.
Up to now, the non-magnetic TSMs have been stud-
ied intensively [15–25], but only a few magnetic TSMs
have been proposed. For instance, magnetic HgCr2Se4
has been predicted to host only two nodal points [12]
which is defined as a Chern semimetal, not fully fit the
WSM features since each crossing points possessing chi-
ral charge of 2. So far, nontrivial properties in HgCr2Se4
have not been verified experimentally due to the require-
ment of large magnetic domains [26, 27]. Very recently,
Co-based magnetic Heusler alloys were also predicted to
host the topology of WSMs [28]. However, the energy of
Weyl points is much higher above the Fermi level (∼0.6
eV). Therefore, additional tuning of the energy of Weyl
points relative to Fermi level is necessary [28] for future
applications.
In this work, we propose that the ferromagnetic
(FM) vanadium-phosphorous-oxide β-V2OPO4, a poten-
tial material for lithium-ion battery [29, 30], presents ei-
ther NL or WSM features that can be easily switched by
different magnetization directions. The node-line band
structures, in D4h(C4h) magnetic group with spin-orbital
coupling (SOC), are protected by the mirror reflection
symmetry with the reflection-invariant plane perpendic-
ular to the spin-polarized direction. This gapless node-
line loop, which lies in the reflection-invariant plane and
very close to the Fermi level, will degenerate to two large
separated Weyl points protected by rotational symme-
try in the same plane once mirror reflection symmetry is
broken due to the magnetization along other directions.
In these cases, the system host the minimum number of
Weyl points. Based on our first-principles calculations,
this non-trivial FM β-V2OPO4 is a promising candidate
of experimentally studying on magnetic TSMs.
We perform the first-principles calculations using the
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2FIG. 1. Crystal structure and Brillouin zone (BZ). The side
(a) top (b) view of crystal structure of β-V2OPO4 with the
space group I41amd (No. 141). V, P, and O atoms are indi-
cated by blue, green, and red spheres, respectively. (c) The
body-centered-tetragonal (BCT) BZ and the corresponding
(001) surface BZ. The high symmetry points are also indi-
cated. Two Weyl points with opposite chirality are symmetri-
cally located at Γ-X axis as red (C = +1) and black (C = −1)
dots, with a magnetization along the [110] direction.
.
Vienna ab initio Simulation Package (VASP) [31, 32]
based on density functional theory [33, 34]. For the
exchange-correlation potential we choose the general-
ized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) formalism [35, 36]. The core-
valence interactions are treated by the projector aug-
mented wave (PAW) method [37–39]. A plane-wave-basis
set with kinetic-energy cutoff of 600 eV has been used.
The full Brillouin zone(BZ) is sampled by 21 × 21 × 21
Monkhorst-Pack grid to simulate the electronic behav-
iors [40]. Due to the strongly correlated effects of 3d
electrons in vanadium, GGA+U calculations is nessesary
to describe the on-site Coulomb repulsion beyond the
GGA pictures [41, 42]. We notice that the band inversion
has been confirmed in a large range of U in β-V2OPO4
from 1.5 eV to 10.0 eV. In this work, the effective on-site
Coulomb energy U is chosen to be 3.0 eV to illustrate
the band topology, which works well in fitting the prop-
erties of vanadium-oxide system [43]. To calculate the
surface states and Fermi arcs, the tight-binding Hamil-
tonian is constructed by projecting the Bloch states into
maximally localized Wannier functions [44, 45].
As it is illustrated in Figs. 1(a) and (b), the vanadium-
phosphorous-oxide β-V2OPO4 compound crystalizes in
body-centered-tetragonal (BCT) structure with a space
group I41amd (No. 141). Structural optimization ob-
tains the calculated lattice constants which are a = 5.465
A˚ and c = 12.544 A˚, in nice agreement with experimen-
tal values a = 5.362 A˚ and c = 12.378 A˚ [46]. The O
atoms take two Wyckoff positions 4a (0.0, 0.0, 0.0) and
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FIG. 2. (a) The band structures of β-V2OPO4 along high-
symmetry lines without spin-orbital coupling (SOC), and the
majority and minority spin bands are denoted by the solid
(black) and dashed (red) lines, respectively. (b) The SOC
band structures. The upper and lower insets respectively rep-
resent the bands with the [001] and [110] magnetism in Γ-Σ
direction.
.
16h (0.00000, 0.23762, 0.43299). The P and V atoms
are located at Wyckoff positions 4b (0.0, 0.0, 0.5) and
8c (0.250, 0.000 0.875), respectively. The BCT BZ and
corresponding (001) surface BZ are shown in Fig. 1(c),
in which high-symmetry points are marked.
Our results confirm the FM groundstate of β-V2OPO4,
which is about 86 meV lower than the antiferromagnetic
state per unit cell, with magnetic moment ∼2.5 µB per
V atom. The electronic band structures in the absence of
SOC [see Fig. 2(a)] show that the spins and orbitals are
independent and two spin channels are decoupled around
the Fermi level. These two spin channels present differ-
ent electronic states, i.e. a ∼3.68 eV band gap of the
minority spin states and the semimetallic features of ma-
jority spin states, indicating the half-metallic properties
of the system. The band crossings reveals around Γ point
in the kz = 0 plane, giving rise to a symmetry protected
nodal-line loop. These two crossing bands belong to the
states that has opposite eigenvalues ±1 of mirror reflec-
tion symmetry operation Mz, respectively, which pro-
tects the nodal ring in kx-ky plane with kz = 0 [15].
The spin-polarized nodal ring shows a tiny dispersion,
the maximum and minimum of which are in the Γ-X and
Γ-Σ directions, respectively, i.e. ∼12 meV higher and
∼36 meV lower than the Fermi level EF .
As we report in Fig. 2(b), the SOC little influences on
3FIG. 3. (a) With magnetization direction along [001] axis,
variation of the Berry phase along high-symmetry lines in
kz = 0 plane. With magnetization direction along [110] axis,
(b) the evolution of average position of Wannier centers ob-
tained by the Wilson-loop method applied on a sphere that
encloses on a Weyl point. The average Wannier center shifts
downwards from south to north, indicating to negative chi-
rality W−. The average Wannier center shifts upwards from
south to north, indicating to positive chirality W+. (c) The
distribution of Berry curvature for the kz = 0 plane. The red
and black regions denote the Weyl points with negative and
positive chirality, respectively.
.
the band structures in which the half-metallic ferromag-
netism remains. The spontaneous magnetization direc-
tion is determined by studying the total energy of system
with magnetization along different high symmetry axis.
The [001] axis is found to be the energetically most fa-
vorable magnetization direction. It is worth to mention
that, results show very small energy differences, below
0.3 meV, among all magnetic configurations. This im-
plies that the switching between each configurations by
external magnetic field would be easy. In the presence
of SOC, the magnetic symmetry is dependent on the di-
rection of magnetization. We will respectively present
the topological features of the two typical [001] and [110]
magnetisms in the following.
When magnetization is polarized along [001] direction,
the system reduces to point group C4h, the subgroup of
D4h, in which the fourfold rotation C
z
4 is tensored by
the inversion I, namely Cz4 ⊗ I. This magnetic group
contains eight irreducible symmetry operators: inversion
I, fourfold rotation Cz4 , the product of time reversal T ,
twofold rotations of C2 symmetry axes [100], [010], [110],
[11¯0], and the product (ICz2 ) of inversion and rotation
Cz2 . The group element IC
z
2 is equivalent to the mirror
reflection symmetry corresponding to the x − y plane,
which can protect the existence of gapless nodal ring in
kz = 0 plane with respect to SOC [15, 28] [see Fig. 2(b)].
The topological invariant of the nodal ring can be viewed
as the variation of the quantized Berry phase with respect
to the mirror plane [47], which is related to the change
at the end of the one-dimensional system along a line
across the ring in kz = 0 plane. As shown in Fig. 3(a),
the Berry phase of β-V2OPO4 shows the jump across
the ring, further confirming the topological features of
the nodal ring perpendicular to the [001] magnetization
direction.
Our calculations suggest that the magnetization along
other directions is energetically very close to the [001].
When the magnetization is deviated from [001] direction,
the mirror reflection symmetry is broken. Here, we take
the case of [110] magnetization as an example since the
symmetry analysis for the rest cases are essentially the
same. The group elements of the corresponding magnetic
space group C2h remains: I, C
110
2 and TC
z
2 , TC
11¯0
2 . The
vanishing of mirror reflection symmetry makes nodal line
gapped. However, the anti-unitary symmetry TCz2 allows
the existence of Weyl points in kz = 0 plane. A pair of
Weyl points protected by the C1102 rotation is present on
kx=ky axis.
We also calculate the parities of inversion eigenvalues
at time reversal invariant momenta (TRIM) points. The
product of the occupied bands running over all TRIM
points is -1, confirming the presence of odd number of
pairs of Weyl points [48]. As shown in Fig. 2(b), the two
crossing bands along Γ-X (or [110]) belong to eigenvalues
±i of C1102 , respectively. The chirality of Weyl point can
be determined by the evolution of the average position
of Wannier centers, and the Wilson-loop method applied
on a sphere around a Weyl point is used [49, 50] [see
Fig. 3(b)]. The Weyl point with Chern number C = +1
is located at (0.46A˚−1, 0.46A˚−1, 0) in momentum space,
while the Weyl point with Chern number C = −1 related
by I symmetry located at same axis [see Fig. 1(c)]. The
Weyl points only existed on kx=ky axis can be further
verified by the Berry curvature. As shown in Fig. 3(c),
the Weyl points with positive and negative chirality are
regarded as the ”source” and ”sink” of Berry curvature
in momentum space.
As it is discussed above, our results indicate the ex-
istence of either the topological NLs or WSMs in FM
β-V2OPO4 compound, depending on the magnetization
direction. The NL features are protected by the mirror
reflection symmetry in the case of [001] magnetization,
4FIG. 4. The surface states and Fermi surfaces. (a) The
surfaces projected on (001) surfaces. (b) The corresponding
Fermi surfaces on (001) surfaces. The projected Fermi surface
is calculated with a chemical potential of 60 meV.
.
while the WSM features can arise with magnetization di-
rection along other high symmetry axis. The Weyl points
would be protected by Cm2 rotational symmetry, where
m represents a symmetry axis in x−y plane. In the cases
of which only a pair of Weyl points, the minimum num-
ber of Weyl points in condensed matter systems, with
large separation in momentum. Considering the energy
of Weyl points in FM β-V2OPO4 is very close to Fermi
level, e.g. ∼12 meV when [110] magnetization, we would
suggest β-VOPO4 compound to be a excellent experi-
mental candidates for the observation of the nontrivial
properties in FM WSMs.
One hallmark of nontrivial semimetals is the existence
of topologically protected surface state, which arises from
the inversion of TRIM parities. In the WSM states,
topological surface bands connect the valence and con-
duction bands. The drumhead surface states of NLSs
will appear when the gap of bulk band is closed forming
a nodal ring. Since the gap size of WSM state is very
small, which make only tiny difference of surface states
between NL and WSM phases. Here, we only present the
surface states and Fermi arcs in the [110] magnetic con-
figuration. To obtain the surface states, we constructed
a tight-binding (TB) Hamiltonian with basis of maxi-
mally localized Wannier functions [44, 45] in which the
Green’s function method [51] is employed. The calcu-
lated local density of states (LDOS) and Fermi surface
projected on (001) surface are shown in Figs. 4(a) and
(b), respectively. The surface states are clearly observed
in Fig. 4(a). On the (001) surface, the anti-unitary mag-
netic symmetry TC2 leads to different behavior for the
surface bands around the X¯ and Y¯ . Although some triv-
ially residual bands would project on (001) surface of
this compound, the Fermi arc states are quite clear as it
is shown in Fig. 4(b).
In conclusion, using first-principles calculations, we
proposed that FM vanadium-phosphorous-oxide β-
V2OPO4 can possess the nontrivial properties of TSMs,
either NLs or WSMs, that can be switched between each
other by different magnetization directions. When the
spin is polarized along [001] direction, system belongs to
D4h(C4h) point group and present the gapless nodal ring,
protected by the mirror reflection symmetry, close to the
Fermi level at kx − ky plane with kz = 0 in momentum
space. When the magnetization directions deviate from
[001], the nodal ring will degenerate to a pair of Weyl
points due to the vanishing of mirror reflection symme-
try. These two Weyl points, protected by twofold ro-
tational symmetry along magnetization directions, lie in
kx−ky plane with kz = 0, which are largely separated in
momentum. All the non-trivial band-crossing points are
very close to the Fermi level. The topology of the system
is confirmed by the existence of non-trivial surface states.
Since β-V2OPO4 has been fabricated for years [46], our
proposition provides a realistic and promising candidate
for the investigation of magnetic TSMs in experiments,
particularly towards the realization of quantum anoma-
lous Hall effect condensed matter systems.
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6Supplemental Material for
“Topological Semimetals in
Ferromagnetic
Vanadium-Phosphorous-Oxide β-V2OPO4
Compound”
I. TWO-BAND 2 × 2 k · p HAMILTONIAN
In the absence of SOC, a node-line around the Γ point
in kz = 0 plane is present. Generally, the nodal ring
around the Γ point can be modeled by a two-band k · p
theory, and the Hamiltonian is
H =
∑
i=x,y,z
di(k)σi, (S1)
where di(k) are real functions and k = (kx, ky, kz) are
three components of the momentum k relative to the Γ
point. In Eq. (S1), we have ignored the kinetic term
proportional to the identity matrix, since it is irrelevant
in studying the band crossing. The Pauli matrix σi are
σx =
(
0 1
1 0
)
, σy =
(
0 −i
i 0
)
, σz =
(
1 0
0 −1
)
(S2)
Within SOC, two spin channels couple together and
symmetries can decreasing depending on the direction
of the spontaneous magnetization. In spin representa-
tion, an any three dimensional (3D) rotation R(α, β, γ)
has to correspond a two-dimensional (2D) unitary matrix
u(α, β, γ) as
u(α, β, γ) =
(
e−i
α+γ
2 cos β2 −e−i
α−γ
2 sin β2
ei
α−γ
2 sin β2 e
iα+γ2 cos β2
)
, (S3)
where α, β, γ are Euler angle of 3D rotation.
II. THE NODAL RING DEPENDING ON
MAGNETIC SPACE GROUP D4h(C4h) IN THE
PRESENCE OF SPIN-ORBITAL-COUPLING
When all spins are oriented along [011](or z) direction,
the C4h subgroup of D4h is just the fourfold rotation
group Cz4 with respect to z coordinate axis tensored by
the inversion I, namely Cz4⊗I. With [100] magnetization,
the group elements of the corresponding magnetic space
group D4h(C4h) remains: I, C4x, C
z
2 · I, C0102 · T , and
C1002 · T . It is important note that the product Cz2 · I of
twofold rotation Cz2 and inversion I is mirror-reflection
symmetry Mz with respect to (001) plane. The matrix
form of Mz in spin representation is
Cz2 · I =
(
ei
pi
2 0
0 e−i
pi
2
)
= iσz. (S4)
The mirror reflection indicates the Hamiltonian in xy [or
(001)] plane as
H(kx, ky, 0) = σzH(kx, ky, 0)σz (S5)
or
dx(kx, ky, 0) = −dx(kx, ky, 0) ≡ 0,
dy(kx, ky, 0) = −dy(kx, ky, 0) ≡ 0,
(S6)
The energy dispersion of the two-band Hamiltonian with
Cz2 · I symmetry is
E = ±|dz(kx, ky, 0)|. (S7)
Generically, the band crossing means dz(kx, ky, 0) = 0,
which has codimension one, i.e., a nodal loop solution in
xy plane.
III. THE WEYL POINTS DEPENDING ON
MAGNETIC SPACE GROUP D4h(C2h) IN THE
PRESENCE OF SPIN-ORBITAL-COUPLING
We show that the Weyl points can arise with magneti-
zation direction along high symmetry axis, as long as the
magnetic space group C2h symmetry remains. The Weyl
points are protected by Cm2 rotation, where m represents
a symmetry axis in xy [or (001)] plane. As a example, we
mainly show the case of magnetization along [100] axis.
With [100] magnetization, the group elements of the
corresponding magnetic space group D4h(C2h) remains:
I, Cz2 · T , C0102 · T , and C1002 . We now analyze the group
elements on different axes to find out if Weyl points can
arise generically on those axes in (001) plane. Firstly,
we prove the product Cz2 ·T of time reversal T = −iσyK
and rotation Cz2 allowing for the existence of Weyl points
in the (110) plane. The anti-unitary Cz2 · T with matrix
representation is
Cz2 · T = i
(
e−i
pi
2 0
0 ei
pi
2
)(
0 −i
i 0
)
K
= iσxK,
(S8)
with complex conjugation K. The anti-unitary Cz2 · T
requires the commutation relation as
[H,Cz2 · T ] = [H, iσxK] = 0, (S9)
i.e.,
dx(kx, ky, 0)[σx, iσxK] + dy(kx, ky, 0)[σy, iσxK]
+ dz(kx, ky, 0)[σz, iσxK] = 0,
(S10)
which gives
dz(kx, ky, kz) ≡ 0. (S11)
7Now the Hamiltonian in (001) plane is
H = dx(kx, ky, 0)σx + dy(kx, ky, 0)σy. (S12)
It is noted that the Hamiltonian contains two parame-
ters and two momenta. Hence the crossing points can
generically exist in the (001) plane.
In the following, we show that the Weyl points can arise
from the unitary element C1002 with [100] magnetization
axis. This symmetry requires the constraints:
[H,C1002 ] = 0. (S13)
In spin representation, the unitary matrix C1002 can be
obtained Eq. (S3), as
C1002 =
(
0 i
i 0
)
= iσx. (S14)
Eq. (S13) gives
H(kx, ky, 0) = σxH(kx,−ky, 0)σx (S15)
or
dx(kx, ky, 0) = dx(kx,−ky, 0),
dy(kx, ky, 0) = −dy(kx,−ky, 0).
(S16)
In ky = 0 axis, i.e. [100] direction, Eq. (S16) must
requires
dy(kx, 0, 0) ≡ 0. (S17)
The energy dispersion of the two-band Hamiltonian after
considering C1002 symmetry is
E = ±
√
dx(kx, ky, 0)2 + dy(kx, ky, 0)2
= ±|dx(kx, 0, 0)|.
(S18)
In low-energy case, we have
dx(kx, 0, 0) = A+Bkx + Ck
2
x + . . . , (S19)
and then the zero energy mode can require a pair of Weyl
points locate at kx = ±kcx when B = 0 and AC < 0. Two
bands with eigenvalues ±i of C1002 can cross on this axis.
Along other direction with ky = akx through Γ point on
the xy plane, the Hamiltonian contains two function dx
and dy, but one momentum kx, indicating that there are
no Weyl points on the ky = akx line. Hence, the cross-
ing would splits away from [100] axis. Similarly, when
magnetization is along [110], [010], and [11¯0] directions,
the Weyl points also arise due to Cm2 rotation of mag-
netic space group D4h(C2h). The Weyl points are only
allowed in m axis.
